Optical emission spectroscopy is a passive diagnostic technique, which does not perturb the plasma state. In particular, in a hydrogen plasma, Balmer-alpha (H α ) emission can be easily measured in the visible range along a line of sight from outside the plasma vessel. Other emission lines in the visible spectral range from hydrogen atoms and molecules can be exploited too, in order to gather complementary pieces of information on the plasma state. Tomography allows us to capture bi-dimensional structures. We propose to adopt an emission spectroscopy tomography for studying the transverse profiles of magnetized plasmas when Abel inversion is not exploitable. An experimental campaign was carried out at the Thorello device, a simple magnetized torus. The characteristics of the profile extraction method, which we implemented for this purpose are discussed, together with a few results concerning the plasma profiles in a simply magnetized torus configuration.
Introduction
Laboratory magnetized plasmas can provide a significant contribution to the understanding of basic plasma physics of interest for space and astrophysical plasmas and for magnetic confinement fusion. Plasma discharge devices provide many desirable properties required for basic research: uniformity, stability, quiescence, low collisionality, widely adjustable parameters, large-scale lengths and accessibility to detailed diagnostics [1] . Small-scale experiments can also provide insight into larger plasma environments (as in tokamak, ionosphere or magnetosphere) through dimensionless scaling of key parameters [2] . For instance, plasma turbulence is the subject of many experimental and theoretical studies and is quite important for the understanding of phenomena connected with the anomalous transport and the confinement loss in laboratory plasmas [3] . Magnetized laboratory plasmas are also useful for the understanding of vortex formation and dissipation in natural plasmas and in general in fluid turbulence [4] . The results are also valuable for research on magnetically confined plasmas considered as the most viable route towards controlled thermonuclear fusion [5] . In particular, magnetic confinement devices, such as tokamaks or stellarators, exploit a toroidal magnetic configuration. In this respect, to obtain a better understanding of the physics processes acting in magnetically confined plasmas, it is useful to also investigate in laboratory setups smaller plasmas where lower temperatures and steady conditions allow us to reach a more complete control of the dynamical evolution [4, 6] .
In this respect, it is also important to develop tools that have a higher spatial and/or temporal resolution as well as a more complete spatial coverage of the whole plasma column [7] . Density measurements in the magnetized plasma edge can be performed by means of electrostatic probes, microwave or optical diagnostics. Electrostatic probes (Langmuir probes) provide a fast measurement, but can perturb the plasma column, while optical diagnostics are instead passive and could also be employed under challenging conditions, where erosion or the heat load prevents the use of probes [7] . Spectroscopy of the hydrogen Balmer series is a typical diagnostic approach on tokamak devices [8, 9] . However, in fusion-aimed devices the number of accessible view lines is limited. In the case of a rotational symmetry of the plasma column, the basic concept of Abel inversion may be adopted [10] . For fusion oriented experiments, this reasoning may not be appropriate, even if the presence of a rotational transform allows us to use a modified Abel inversion approach in order to extract the shape of the profile [11] .
This paper concerns the use of optical emission spectroscopy (OES) for low-temperature magnetized plasma columns, where, in the absence of a rotational transform, it lacks an approximate rotational symmetry. The application of the proposed tomographic profile reconstruction was implemented for the magnetized plasma column in the Thorello device [12] .
Description and experimental setup
The Thorello device consists of a toroidal vacuum vessel, major and minor radius R M =40 and R m =8 cm, respectively. A simple toroidal magnetic field, up to 0.2 T, is provided by a current supply feeding 56 closely packed coils. Plasma in Thorello is produced in low-pressure hydrogen (about 10 −2 Pa) by a steady hot cathode discharge. Electrons are generated by thermo-ionic emission at a heated tungsten filament, wrapped in a spiral, 2 cm in diameter and located at a position corresponding to the center of the minor radius torus section, the so-called poloidal cross-section. An electrical breakdown happens by imposing a negative potential to the filament with respect to the vacuum chamber. The discharge can be maintained stable almost indefinitely in the device.
Plasma diagnostics were based on electrostatic probes, which have been employed to characterize the plasma state. Although the analysis of the full Langmuir characteristics is complicated when a magnetic field is present [10] , it is still possible to measure parameters such as the plasma density and the electron temperature [12] . A very low beta plasma fills the device, which has typical parameters of temperature and density T e ∼4 eV, T i <0.2 eV, N i ∼10 11 cm −3 at peak. The Debye length as well as the ion and electron Larmor radii are small everywhere (λ D <0.1 mm, R Le , R Li <1 mm) [12] . The main observation relevant here is that the purely toroidal magnetic configuration induces charged particles to move along closed circular magnetic field lines. In particular, the toroidal correlation length is comparable to the device's major circumference, so that the dynamics of the plasma column is essentially bi-dimensional and confined to the cross-section perpendicular to the toroidal magnetic field. Here, the plasma column is somewhat centered in the middle of the circular cross-section and decreases smoothly towards the edges. However, its shape is not purely circular and generally has tails protruding towards some particular directions [12] . On the other hand, the purely toroidal magnetic configuration bars a magnetohydrodynamic equilibrium of the plasma state [13] . The confinement time, improved by the presence of a poloidal limiter, is short and a steady but fluctuating plasma state is usually achieved in the device [12] .
This makes the device a suitable target for OES tomography. The poloidal cross-section of Thorello, a circle 175 mm in diameter, was covered with a 19 hexagon mesh (20 mm side). This is sufficient to obtain a rough localization of the plasma column, while maintaining a limited number of single measurements. One may use smaller sizes for the hexagon sides in order to obtain a higher resolution (reducing the hexagon side to 15 mm would require 26 cells for the complete covering and with a side of 10 mm the hexagon number increases to about 90), but this would require a larger set of lines of sight as well. The choice of this mesh cover deviates from the traditional squared one, used in other laboratory plasmas [14] . It allows an even covering of almost the whole cross-section, missing only a small percentage of the edges, suitable when the shape and position of the maximum of the plasma column cannot be easily foreseen and could depend on the particular conditions of the experiments, as is the case in Thorello [12] . This also allows us to maintain the number of view lines needed for reconstruction to almost minimal. The choice of a different shape for the mesh tiles, as well as the use of a more general 2D decomposition, such as the expansion of the profile as a function series, for instance using Chebyshev polynomials [15] , is indeed more suitable when the number of view lines probed is expected to be much larger than that of the cells.
Then, 19 view lines, matching the five windows available in a dedicated port sector of the device, were identified. The internal surface of the sector was blackened at the vacuum company (Tecna Ltd) production site in order to minimize contamination of the light collected from each view line by diffused and reflected light. The mesh and selected view lines are drawn in figure 1 . Each view line covers three to five hexagons (4.3 on average). Each mesh cell is imaged by at least two view lines and by 4.1 on average. We have not performed any optimization of the view lines set, so this configuration represents only one possible choice, a balance between the uniformity requests and the limitations arising from the partial cover of the cross-section by the windows, in particular, the lack of view from the internal side of the torus.
Light emitted from the view lines is collected through a UV-enhanced optical fiber by Avantes Ltd. The fiber ensures practically complete transmission of light in the 250-850 nm range. The view field of the optical fiber (it has a numerical aperture N.A.=0.22, corresponding to a cone of about 13°) was too large, so we have limited it by a blackened pipe (3 mm diameter, 200 mm length), so that the effective view line is reduced to a cone with a 0.86°aperture. This ensures that the view lines intersect only the hexagons, as drawn in figure 1 . An alternative setup could foresee the use of hybrid lenses to deliver light from thin view lines to the fiber.
The radiance, that is the light emission intensity, measured along each view line I l can thus be decomposed as a linear combination of the emissivity, that is the power emitted as light by a unit plasma volume, assumed as constant in each of the hexagons J n :
where W nl is a matrix with nonzero entries that correspond to the cells viewed by each view line. Corrections due to the finite aperture of the cone and to the different length of the hexagon-view-line intersections can be embodied in the W coefficients. These corrections are however small enough, since the nonzero W nl values all comprise between 0.75 and 1.25. An alternative approach would be to expand the emissivity map as a function series, for instance using Chebyshev polynomials [15] . This is usually performed within an Abel inversion framework, when a monodimensional radial profile is expected, but it was also applied with the Radon transform for more general emission profiles in laser-induced plasma or breakdown spectroscopy [16, 17] . In the latter case, it usually requires the recording of a large data set of view lines and is not particularly suited to our experimental conditions, where the plasma column is generally shifted with respect to the geometrical center of the cross-section and displays protruding structures, which are not naturally described by such a smooth functions basis [15] . Light spectra are measured by means of a wide band, lowresolution spectrometer (PS2000 by Ocean Optics Ltd) equipped with a 10 μm slit, a holographic grating (600 lines/mm, blazed at 400 nm) and a 2048 pixel CCD (ILX511 by Sony). The spectrometer has a resolution of about 0.35 nm and a spectral band extending from 200-860 nm [18] . The spectrometer was previously calibrated with both a deuterium and halogen lamp (Avalight-DHc by Avantes Ltd). This allows us to correct for the device sensitivity and to obtain the real relative radiances of emission lines at different wavelengths. The exposure time has been optimized to match the CCD sensitivity, while avoiding overcounts. For typical Thorello plasmas, they are in the range of a few hundred milliseconds for all 19 view lines. During all the experiments described in the following, 60 spectra were acquired consecutively and averaged for noise reduction. Dark spectra with comparable statistics were acquired before each experiment and subtracted afterwards. Both the time exposures and duration of the whole measurement are long enough so as to average fluctuations due to the turbulent state of the plasma, but fast enough so that the drift in the mean plasma conditions is generally negligible. This could be monitored by measuring operating parameters such as the global discharge current or local plasma parameters with electrostatic probes, as in experiments reported in our previous work [12] . The measurement described is quite long (about 20 min), with the emphasis being mostly on noise and systematic uncertainty reduction. This could also be speeded up by using multiple fixed fibers (up to 19 in principle), by reducing exposure and averaging or by using a 2D-CCD-equipped spectrometer.
Data analysis
The hydrogen plasma of Thorello emits a rich spectrum in the spectrometer range of near ultraviolet and visible (UV-vis), dominated by emission lines over a weak continuum. A typical spectrum is shown in figure 2. Spectra are dominated by lines from the atomic hydrogen Paschen series, the most intense being the H α and H β lines, even if up to six terms in the series could be observed. Electronic transitions of molecular hydrogen from different vibrational levels were also observed [19, 20] . The band rotational structure cannot be resolved with our low-resolution spectrometer. In particular, emission from both the singlet and triplet states was observed, such as the Fulcher-α band system near the H α line (arising from the 1 sσ-3pΠ, d
3 Π u state) and some bright lines in the H β region (arising from the 1 sσ-3dσ, GK 1 Σ g + and 1 sσ-3dΠ, I
1 Π g states) [21] . On the other hand, the only impurity spotted in the spectra was a weak signal identified as an OH band at wavelengths around 310 nm (the UV, 306.4 nm system arising from the A 2 Σ + state) [19] . First, we discuss only how to extract the profile of the H α line emission intensity. Due to the cold plasma conditions in Thorello (ion temperature T i <0.2 eV, whereas neutrals exhibit almost ambient temperature, namely that of the setup) the population of the excited levels emitting visible light happens mainly through electron impact excitation. The radiative recombination contribution is also small, due to the limited plasma density of the device. So the H α light emissivity J from a plasma region can be linked directly to electron plasma properties. 
This assumes a simplified balance between excitation mainly through electron impact on ground-state hydrogen atoms and radiative de-excitation. It clearly lacks the contribution of other indirect excitation channels, involving molecular hydrogen or ions. To take this properly into account requires the use of complete collision radiative models [22, 23] , a task beyond the scope of this limited discussion. Here, N is the density of the different species and excited states, A is the Einstein coefficient for spontaneous emission and K is the rate coefficient for electron impact excitation, depending basically on their temperature. This is sufficient to attract the interest of our application. The map of H α emissivity can be plotted normalized to that of the electron density maps derived from traditional diagnostics [12] . This allows us to gain some insight into the spatial distribution of the electron temperature and the neutral hydrogen dissociation level, as implied by equation (4) . A direct estimate, however, could be hampered by the drawbacks of this equation, and be incomplete due to the neglect of other excitation and de-excitation channels or the possible presence of non-thermal electron populations, especially around the hot filament region. Anyway, within the limitations of equation (4), in lowtemperature plasmas such as those in Thorello the rate coefficient K is a function strongly dependent on the electron temperature variations [22] , meaning that H α emissivity has an enhanced sensitivity to T e with respect for instance to the ion saturation current. Indeed, this depends on the electron temperature through the Bohm velocity [10] , proportional to the square root of T e . More detailed collision radiative models could then be used to relate more sharply light intensity profiles to plasma parameters [22, 23] .
Similar balance equations could be formulated for the other atomic hydrogen emission lines spotted in the spectra. Moreover, the same approach used for the H α emission line could be easily adopted to reconstruct the poloidal profile of each emission structure in the spectra. Whereupon the comparison of the intensity of different emission lines could be used to gain insight into related plasma parameters, including the electron temperature [22] , vibrational temperature [18] , distribution of impurities, dissociation degree, by comparing atomic and molecular hydrogen emission lines [24] or the neutral gas temperature, by inspecting the rotational structure of molecular emission lines [25] . Absolute intensities are however needed if electron density is to be measured [10, 22] . An alternative approach could be to measure the broadening of the emission lines [10] . However, it is possible to check, for instance by using equation (6.4.12) of [10] , that in our experimental conditions this lies beyond the reach of the resolution of the spectrometer used. In this respect, the Paschen series arises from states with energies above 12 eV. Their excitation through electron impact then involves particles in the high-energy tail of the electron energy distribution. The ratio between the emissivity associated to each member of the series would allow us to measure the electron temperature [22] . However, a sensible implementation requires the formulation of a collisional radiative model taking into account the different channels of excitation and de-excitation of the emitting states, as well as the shape of the high-energy tail of the electron energy distribution, in particular the presence of hot electron populations.
Comparison between nearby emission lines from atomic and molecular hydrogen is clearly sensitive to the dissociation degree. The Fulcher band system of H 2 [21] , where the emission of excited state from its different vibrational level v=0-1-2-3 is easily observed, could be used to estimate the vibrational probability distribution function of the first vibrational states [18] . Moreover, wall outgassing of water vapor could be monitored through OH emission, which is the only impurity with emission that could be spotted in the spectra during our experiments.
It should be noted that due to the limitation in our spectrometer sampling rate (minimum 3 ms), each spectrum consists of an integral over the fluctuations due to the turbulent regime of the Thorello plasma column, with characteristic timescales in the range 1-20 μs [12] . The use of a faster light sensor would also allow us in principle to measure the fluctuations of the light emission. It should be noted, however, that unless a simultaneous measurement of all the view lines is implemented, it is not possible to reconstruct the instantaneous profile. Nevertheless, the use of suitable statistical techniques, such as conditional sampling [3] or crosscorrelation, would allow us to reconstruct the full spatial and temporal evolution of at least the coherent structures in the turbulent state, as had already been tried using traditional electrostatic diagnostics [12] .
For the tomographic profile reconstruction, the contribution of each of the 19 view lines has to be evaluated. At first, it could be presumed that, because the weight matrix is not singular, a simple matrix inversion would allow us to calculate the individual emission intensity of each mesh cell [26] . This works using a few synthetic data sets, a typical one being depicted in figure 3(a) . However, this also assumes that no error affects the measurements. When this was performed on real data, we discovered that several entries of the 19 cells were substantially negative, as can be seen in the instance shown in figure 4(a) . This implies that some unphysical cancellation on the intensity of the other cells happens. Moreover, the errors associated with the inversion procedure cannot be easily estimated, nor linked to those of the viewline intensity measurements. So we tried a maximum likelihood approach. We define a normalized χ 2 function: Figure 3 . Normalized H α intensity profiles extracted, using matrix inversion, from a synthetic data set (a) and, using χ 2 minimization, from noisy data sets corresponding to a mean statistical error level of 7% (b), 2% (c) and 20% (d).
where I and J are the emission intensities already discussed and σ is the uncertainty associated to each view-line intensity measurement, but now the J is forced to be non-negative. The improvement in the profile reconstruction can be grasped in the second picture of figure 4(b) . It is clear that matrix inversion, besides dictating some unphysical negative density regions, introduces a substantial bias in the profile shape. This could be better appreciated using contour plots, with an interpolation of the 19 hexagon emissivity map, as can be seen in figure 4 . Concerning this figure, it should also be noted that the emissivity profiles were normalized to their reconstructed maximum, because we lacked an absolute calibration of the spectrometer response.
When the actual errors are not known, it is possible, although simplistic, to assume a common systematic uncertainty, corresponding to a constant value of the relative errors. Then, that could be factorized out and the χ 2 function to be minimized could also be written in terms of the ratio between the observed and predicted view-line intensity alone:
The minimum corresponds to the condition R l =1. Other functions having the same minimum can be used too. They could improve the minimization procedure, especially when the initial guess of the emissivity profile is poorly known. Alternatively, methods such as the Phillips-Tikhonov regularization have been proposed to improve reconstruction, as discussed in the literature about plasma tomography [27] . Equation (7) reports two possible forms of the function to be minimized other than χ 2 reported in equation (5) .
All these recipes have been tried on the same experimental data sets. Also, a few tests based on synthetic data sets show the results are indeed comparable. Before discussing this point further, we have addressed the problem of the robustness of the tomography inversion by making synthetic ghost image tests. The results are shown in figure 3 . As an example, we considered an emissivity profile made of two structures, one corresponding to a single cell and the other to a curved feature above a constant background. After calculating the view-line intensities, we have added to each a random noise signal corresponding to a fixed statistical error level. As expected, matrix inversion correctly reconstructs the exact profile ( figure 3(a) ), but fails already with the lowest noisy data set. χ 2 minimization using a data set with a noise level corresponding to that observed in real H α radiance measurements (≈7%) produces a fairly true reconstruction, as shown in figure 3(b) . Even at a larger noise level (≈20%) the essential features of the profile are retained and could be inferred albeit with a substantially lower precision. The same findings hold similarly, also by using functions f a and f b . As a further example based on true experimental data, in figures 5(a) and (b) we report the profiles calculated by minimization of the function f a and f b . It can be appreciated that the extracted profiles were well comparable when minimization was performed on both f a and f b , instead of χ 2 . We have also checked that by using a simplified matrix W with uniform weights, we obtained a completely comparable profile and a minimum value for function f a , just a bit larger. This suggests that sensitivity to the choice of the mesh orientation and of the view-line directions is not particularly critical, since this would correspond to a slightly different choice of the weight matrix W. The profile can also be compared with a map based on the measurement of the ion saturation current by electrostatic probes, also shown in figure 5(d) [12] . It appears that the H α emissivity profile matches well the main plasma column location and vertical elongation, despite some differing details. However, as we have already mentioned, the statistical error associated with a series of repeated H α radiance measurements is quite small (≈7%) and almost independent of the view line. Using these errors, the minimum of χ 2 is quite large (≈5-10). This means that the radiance of each reconstructed view line differs from its measured value on average more than three times its uncertainty. At face value, this implies a very small likelihood of the extracted profile. On second thought, this could be better understood as associated to an underestimation of the total errors. An estimation of errors connected with the inversion algorithm can be done by analyzing test patterns, that is calculate theoretical sight-line radiances, impose random noise of some level and then try reconstruction. Although we found uncertainties in the emissivity from some location, especially where this is lower, it has little impact on the predicted radiances; the effect of noise is not large enough to explain the discrepancy of the χ 2 . The main effect affecting our analysis turns out to be the systematic errors introduced by the time lag between the measurement of the different view lines. Indeed, by reversing the view-line acquisition order from 1=>19 to 19=>1 we can estimate an average error of 45±15% on each cell, much larger than the purely statistical ones. In order to mitigate and partially evaluate this effect, we have acquired three sets of the 19 view lines, each measured according to a different random order. It turns out that the error associated to each view line is variable and larger than that evaluated from consecutive measurements. Using these line-dependent uncertainties in equation (5), we have repeated our analysis with the new data set. In figure 6 , we report the profile calculated from this enlarged data set by χ 2 minimization, together with the estimated errors. It can be seen that now the chi-squared test is satisfying (χ 2 /degree of freedom=1.18). Trusting our errors, we can now also assess which features of the profile are significant. In particular, the tails protruding from the plasma column are reconstructed with limited errors, less than 20%. On the other hand, errors are large mainly in the region where plasma is almost absent. This makes their impact on profile reconstruction much less disappointing. This is also to be expected, since their emissivity contribution to the total view-line radiance is minor. 
Other results and discussion
As a final application, we report in figures 7 and 8 the maps with the relative intensity of the H δ and of the H 2 463.5 nm emission lines. They are both emitted from states with an excitation energy somewhat larger than the H α line. In this respect, they are more sensitive to the high-energy tail of the electron distribution. The latter also gives some hints on the presence of undissociated neutral molecular hydrogen in the plasma. The profile of light emission appears to be similar to that of H α . Nevertheless, some details are different. In particular, the maximum intensity is shifted upwards to the center of the poloidal cross-section. On the other hand, the intensity is smaller in the tails protruding from the main column. Such differences can be better appreciated in figure 9 where the ratio between the emissivity of the two lines and that of the H α at each position is plotted, normalized to its maximum. A few points in the edges, where plasma is faint and the profile errors are very large, were excluded for a cleaner drawing. There, it could be grasped in a better way that, for instance, the largest ratio value does not coincide with the plasma column peak but with the center of the poloidal cross-section, which by the way also corresponds to the filament magnetic shadow. On the other hand, the ratio is smaller in the plasma tails protruding from the plasma column. This is in fair agreement with electrostatic probe measurements, showing that the electron temperature is larger at the filament and smaller in the tails [12] . As already stated, a quantitative evaluation requires the implementation of a full collisional radiative model of excitation and de-excitation of the different atomic and molecular hydrogen states, a task which is outside the scope of this paper. Finally, we have also reconstructed the map of the emissivity of the OH 306 nm band [19] . Emission is mostly confined to the external cells of the map, in particular those corresponding to the filament holder positions, which are the more heated parts of the vacuum vessel, thus suggesting wall outgassing as the more probable source of water vapor impurities.
Conclusion and outlook
A more comprehensive approach is based on Bayesian statistics [28, 29] . Here, information about the J, trivially its nonnegativity, could be introduced in a transparent way. This is achieved by defining a prior distribution about the profile parameters. Then, the posterior probability function, calculated from the likelihood and the prior distribution, can be maximized. This can be implemented by readily available software packages such as JAGS, which can be employed to perform the analysis [30] . Within this approach, the uncertainties associated with each position in the profile can be individually studied. Some applications to plasma tomography also exist [31] .
Finally, some other refinement could also be envisaged. First, a random orientation of the hexagon mesh can be considered, recalculating the W matrix, in order to cancel the somewhat privileged directions imposed by our pattern. In particular, this could offset somewhat the peculiarity of the vertical direction, especially when an axial component magnetic field is used to alter the strength and configuration of the toroidal magnetic field [12] . A further step in the refined weight matrix coefficient evaluation could be to use triangular interpolation, instead of assuming a uniform intensity in each hexagon. Both suggestions will be discussed in future works. As a final remark, we would like to stress again that OES tomography looks like a viable and cheap alternative diagnostic for the measurement of low-temperature magnetized plasma profile and it could be adopted when a fully 2D map reconstruction is needed. In particular, it provides some complementary evidence that could be usefully employed to point out features in the plasma profile when compared with traditional Langmuir probe measurements.
